Water loss from roots back into drying soil is a problem of practical importance in plants growing under conditions of very low substrate water potential, such as dry or saline areas. Root exodermis is relatively impermeable and has been suggested to play a protective role against water loss. The relative water retention ability was compared in root segments from exodermal (maize, onion, sunflower, Rhodes grass and sorghum) and non-exodermal species (Pisum sati um, Vicia faba and wheat). Apical and basal segments from exodermal roots, with different degrees of exodermis development, were also compared, as were segments from sorghum roots in which the exodermis thickness had been modified by subjecting the plants to a 30 d water stress treatment. Water retention was significantly higher in segments from exodermal roots. In each root, water loss was higher in apical than in basal segments, regardless of the presence of exodermis. In sorghum, prolonged drought treatment increased exodermis thickening in nodal roots, however, no differences in rates of water loss were observed in segments obtained from control and droughted plants. Soil sheaths formed around roots of Rhodes grass growing in very dry soil with the epidermis adhering tightly to the sheath. In plants growing in the field, soil sheaths may be more effective than the exodermis in preventing root water loss.
INTRODUCTION
Water loss from roots backing into drying soil is a problem for plants growing under conditions of restricted water supply or very low substrate water potential, such as saline areas. However, available information regarding this issue is controversial (Passioura, 1988) . In some species, significant water loss from the root to the substrate has been reported. Water was passively lost along a water potential gradient from roots to drying soil by bermudagrass (Cynodon dactyloniCynodon trans aalensis L. Pers.) (Baker and van Bavel, 1986) , wheat (Blum and Johnson, 1992) and pearl millet (Vetterlein and Marschner, 1993) .
The mechanisms of water transport in and across roots have been extensively reviewed (see Boyer, 1985 ; Passioura, 1988 ; Oertli, 1996) . Radial water transport in roots occurs along apoplasmic and cell-to-cell routes (Steudle, 1995) ; these pathways have different relative importance in different species and present various resistances. The main apoplasmic resistances are the exodermis and endodermis which form the outer and inner boundaries of the root cortex, respectively. The exodermis is a hypodermis with suberized walls and Casparian bands (Henberg, 1968) ; it derives, like the cortex, from the ground meristem, can be uni-or multiseriate and is internal to the epidermis. The exodermis becomes fully developed at varying distances from the root tip (Clarkson et al., 1987) , depending on the species. In general, available data indicate that suberin lamellae in the exodermis of a root reduce the permeability to water (Peterson and Enstone, 1996) . These * For correspondence. Fax 54 51 974330 suberized layers were associated with decreasing radial hydraulic conductance along root axes (Melchior and Steudle, 1993) and are a barrier to the diffusion of apoplasmic dyes (Enstone and Peterson, 1992) .
Environmental stresses such as drought and salinity can decrease root hydraulic conductance (Munns and Passioura, 1984 ; Peyrano et al., 1997) and increase exodermis suberization. In sorghum, the thickness of this layer increased with decreasing water availability (Cruz, Jordan and Drew, 1992) and this was suggested to have a bearing on the observed reduction in root radial hydraulic conductance. In cotton, exposure to high salinity (200 m NaCl) induced the formation of an exodermis with Casparian bands and suberin lamellae close to the root base and in the transition zone to the hypocotyl (Reinhardt and Rost, 1995) . The exodermis, which did not develop in control roots, was suggested to play a role in protecting the root from water loss and\or leakage of solutes important for osmotic adjustment. Under water deficit conditions, death of the root cortex may occur (Jupp and Newman, 1987) , however, it is retained in exodermal roots (Peterson, 1989) , and it was suggested that cells with suberized walls arrest dieback in roots by apparently reducing water loss from the root to the soil.
Studies with roots and isolated sleeves of root epidermal\ exodermal cells of maize, suggest that the suberized walls remain relatively permeable when bathed by culture solution, but become impermeable if exposed to moist air rather than being kept completely immersed in culture solution (Clarkson et al., 1987) . Under such conditions, the exodermis would impose a significant resistance to water loss. From the suggested role of the exodermis in restricting 0305-7364\99\010019j09 $30.00\0
# 1999 Annals of Botany Company water loss from roots it may be inferred that plants with exodermal roots have a relative advantage in dry or saline environments. This study, therefore, examines the relative water retention ability of exodermal and non-exodermal roots. It compares rates of water loss in segments from exodermal and non-exodermal roots, in apical and basal segments from exodermal roots (which have a different degree of exodermis development) and in sorgum roots in which the degree of exodermis thickness was modified by subjecting the plants to a prolonged water stress period.
MATERIALS AND METHODS
Roots from species which differ in the degree of exodermal development were used. Species with a developed exodermis were maize (Zea mays L.), onion (Allium cepa L.), sunflower (Helianthus annus L.), Rhodes grass (Chloris gayana Kunth) and sorghum (Sorghum bicolor (L.) Moench). Species without exodermis development were pea (Pisum sati um L.), Vicia faba L. and wheat (Triticum aesti um L.) (Perumalla, Peterson and Enstone, 1990) . Plants were grown in a glasshouse, in pots with vermiculite irrigated with half-strength Hoagland solution. In the case of sorghum, 2 month old plants growing in vermiculite were subjected to a 1 month water stress treatment in which the substrate in control plants was kept moist by frequent irrigation while droughted plants were irrigated once a week and only if the upper 3 cm of vermiculite were visibly dry. Root sections for the study were obtained from nodal roots. In addition, roots from C. gayana plants growing in dry soil in the province of Santiago del Estero, Argentina, were observed for soil sheath formation.
Root segments, 20 mm in length, were obtained from two zones : apical (comprising the root tip, which was cut off) and basal (approx. 100 mm from the apex). The rate of water loss in such segments was measured by two methods : (1) by assessing the time required to reach equilibrium within the sample chamber of a psychrometer ; or (2) by periodically determining weight loss in samples allowed to dry on the lab bench under room conditions. Temperature and relative humidity were registered in transpiration measurements. In both cases, segments were sealed at both ends with silicon grease to prevent water loss from the cut ends.
Free-hand sections were obtained from segments similar to the ones used for water loss measurements using a modification of Fro$ hlich's technique (Fro$ hlich, 1984) . Sections were placed in holder chambers and stained essentially as described by Brundrett, Enstone and Peterson (1988) , replacing toluidine blue for aniline blue (O'Brien, Feder and McCully, 1964) . Sections were observed in a Zeiss Axiophot microscope with UV illumination using excitation filter 395-440, chromatic beam splitter FT 460 and barrier filter LP 470. Unstained sections were observed for autofluorescence under the same setting. Photographs were taken with Kodak Ektachrome slide film ASA 400. Exodermal wall thickness was measured in the photographs using the Optimas 6.1 program for image analysis.
Since roots of different diameters differ in their surface area : volume ratio, it was reasoned that thinner roots, with a larger surface area : volume ratio, would lose water at a faster rate. To test this hypothesis, water loss was measured in agar cylinders of different diameters. These were obtained by allowing 12 % agar solutions to gel within capillary tubes having internal diameters in the range of the studied root segments. Agar cylinders were ejected with the aid of an airfilled syringe, weighed immediately and then sequentially to determine the rate of water loss when exposed to air under room conditions.
RESULTS

Water loss from exodermal and non-exodermal root segments
It was expected that root segments differing in the degree of exodermal development would take different lengths of time to reach equilibrium in a psychrometer chamber (Kikuta and Richter, 1992) . However, the required equilibrium time was similar for apical and basal segments from the same root ( Fig. 1) , irrespective of whether species were exodermal or not ( Fig. 2 A and B) . Fifth order polynomials gave a good fit for the range of points in those curves (R# 0n95). Pairwise comparisons of coefficients for the different powers of x from apical and basal segments were performed for each species, and probability values for the t tests indicated curves for apical and basal segments were not significantly different for each species. Psychrometer results suggested there was no difference in rates of water loss between root segments with different degrees of exodermis development. These results were verified by periodically weighing root segments exposed to air. The rate of water loss was initially faster in segments from non-exodermal species (Fig. 3) , and, after 20 min, when the relative water content was approx. 75 %, water retention had become significantly lower in segments from non-exodermal roots.
In maize, a species with exodermal roots, water loss from apical segments (where the exodermis is not yet suberized), was faster than in basal segments (with suberized exodermis), after 10 min of air exposure (Fig. 4) . However, after 20 min water loss was significantly faster in apical than basal segments (Table 1) in roots of peas that do not develop a suberized exodermis (Fig. 2 A) .
Water loss as a function of root diameter
Apical segments are tapered and thinner than basal segments, and differences in rates of water loss could therefore be the result of different surface area : volume ratios (Cape and Percy, 1996) . In 12 % agar cylinders of different diameters, weight retention was proportional to diameter (Fig. 5) , indicating the rate of water loss was inversely proportional to the thickness of the cylinder. However, in root segments, root diameter and weight retention were not significantly correlated (correlation coefficient l 0n24, R# l 0n06, Fig. 6 ). Weight retention after 30 min of air exposure was higher in exodermal roots, as seen from the distribution of points above the line indicating 50 % retention (Fig. 6) . 
Effect of salinity and drought on exodermis de elopment and root water loss
In Chloris gayana, root hydraulic conductance decreases after 30 d treatment with 300 m NaCl (Peyrano, unpubl. res.) . This prompted us to examine whether decreased hydraulic conductance was associated with changes in exodermis wall thickness, and whether these would affect root water loss.
Water potential in control and salinized roots was 0n19p0n07 and 1n72p0n04 MPa, but increased development of the exodermis was not detected in salinized plants (Fig.  2 C and D) . After 30 min of air exposure, water retention in basal segments from salinized roots was less than in control roots (Fig. 7) .
Soil sheaths formed around roots of C. gayana growing in very dry soil (Fig. 2 G) . In transverse sections of such roots, the epidermis and exodermis were seen to adhere tightly to the soil sheath, and were separated from the stelar tissues by a lacunar cortex (Fig. 2 H) .
In sorghum nodal roots, a prolonged drought treatment increased exodermis thickness (Fig. 2 F and G) . Tangential cell walls in the exodermis of droughted roots were 4n78 µm thick, 1n62-times thicker than controls (t lk7n09, 16 d.f., P 0n001). However, no differences in rates of water loss were observed in basal segments obtained from control and droughted plants (Fig. 8) .
DISCUSSION
Exodermal root segments were expected to take longer than non-exodermal segments to reach equilibrium within psychrometer cells (Kikuta and Richter, 1992) . However, equilibration times were similar for both exodermal and non-exodermal segments. This is understandable if equilibrium is reached with water loss from the outermost epidermal layer, and is unaffected by features that could differentially affect water loss. Nevertheless, after 20 min of exposure to air, water retention in exodermal segments was significantly higher than in non-exodermal segments ; this could reflect the contribution of the ' transendodermal compartment ' to water loss. There is controversial evidence on the water permeability of the exodermis, the basis for the suggested protective role for this layer. Tests with isolated sleeves of epidermal\ hypodermal cells of maize (Clarkson et al., 1987) , suggest that the suberized walls remain relatively permeable, but become impermeable if the roots are exposed to moist air rather than being kept completely immersed in culture solution. Hydraulic conductivity measured in both hypodermal sleeves and in intact root segments depended on the direction of flow and was lower in the outflow direction (Shone and Clarkson, 1988) . The correlation between the presence of suberin in the hypodermal walls and the presence of a Casparian band (Perumalla et al., 1990) , suggested the suberized exodermis contributes to protecting the root against water loss in substrates with low water availability. Nevertheless, it has been shown that the endodermis in young Zea mays roots is a major barrier to the movement of ions but not of water . Sanderson (1983) reported the development of State III (suberized and thickened wall with substances of phenolic origin) endodermal cells was correlated with decreases in water uptake by barley seedlings, however, in maize the presence of suberin lamellae was not strictly associated with low permeability to water or solutes (Clarkson et al., 1987) . Our results from water loss measurements in exodermal and non-exodermal roots support the suggested role of the exodermis in protecting roots against water loss. In interpreting the results from sorghum plants, the chemical nature of the exodermal thickening should be considered, as thickness resulting from increased lignin deposition would not constitute a high resistance to the diffusion of uncharged molecules such as water (Schreiber et al., 1994) . Nevertheless, water retention was higher in basal than in apical segments in both exodermal and non-exodermal roots, indicating the presence of the exodermis was not associated with this difference. Instead, differences in tissue composition, cell maturity and wall permeability may be responsible for the water retention characteristics of those segments. Tissue characteristics may also have influenced the differences in rates of water loss observed between control and salinized roots, where faster water loss was expected in roots of control plants, where the water potential gradient with the medium was higher. The explanation may reside in the lower degree of lacunar development observed in salinized roots, as this tissue may constitute a barrier against water loss (Moreshet, Huang and Huck, 1996) . The pathway for water movement is substantially influenced by the driving force for water flow (Steudle, 1995) . In the case of hydrostatic pressure gradients, it has been suggested that water flow is through a predominantly apoplasmic pathway ; in contrast, movement generated by osmotic gradients seems to have a significant cell-to-cell component Steudle, 1995 ;  however, see Jones et al., 1988) . Water loss from roots is a diffusional process, the observed rate difference in water loss between exodermal and non-exodermal segments suggests, nevertheless, that the pathway for this process must also have a relevant apoplastic component.
Rate of water loss is also a function of the diffusion constant for the system (Cape and Percy, 1996) , which is affected by differences in specific area (area\mass) and by differences in the diffusion rate per unit area. Diffusional permeability, in turn, depends on the porosity of the tissue and on the contribution of viscous flow through pores (Shone and Clarkson, 1988) . For basal segments, differences in water retention associated with the presence of an exodermis were more significant than those associated with segment diameter, implying that the exodermis has a role in modifying water loss from roots.
Correlation between the presence of an exodermis and plant habitat might be expected given the protective function ascribed to this layer. However, Kroemer (1903 , cited by Perumalla et al., 1990 reported no correlation between suberization of the exodermis and plant habitat. This raises the question of the relevance of the exodermis in protecting roots growing under field conditions against water loss. Water exchange between the soil and roots is controlled by the water potential and hydraulic conductance of three components of the root-soil pathway : the root ; an air gap that can form between roots and soil when roots growing in drying soil shrink ; and the soil (Nobel and North, 1993) . The relative importance of these components varies with soil hydration. Rhizosheaths form around the roots of many plants growing in soil (McCully, 1995) , particularly under dry conditions (Nobel and North, 1993) . Rhizosheaths in Ferocactus acanthodes and Opuntia ficus-indica play a more important role than the suberized endodermis in restricting water loss (North and Nobel, 1992) . In C. gayana growing in very dry soil, roots were tightly covered by soil sheaths. Sections of roots within soil sheaths were moist and appeared healthy. In maize, the sheathed zone of roots is associated with immature late metaxylem, and is relatively isolated from the transpiration stream (Wang, Canny and McCully, 1991) ; whether immature late metaxylem also occurs in sheathed roots of C. gayana must be investigated. Rhizosheaths, along with cortical lacunae may act as the main barriers against water loss in these roots. The exodermis with its engrossed walls could provide additional reinforcement against radial collapse under dry conditions and prevent the formation of air gaps in drying soils.
